Abstract Reverse shoulder arthroplasty is being used more frequently to treat irreparable rotator cuff tears in the presence of glenohumeral arthritis and instability. To date, however, design features and functions of reverse shoulder arthroplasty, which may be associated with subluxation and dislocation of these implants, have been poorly understood. We asked: (1) what is the hierarchy of importance of joint compressive force, prosthetic socket depth, and glenosphere size in relation to stability, and (2) is this hierarchy defined by underlying and theoretically predictable joint contact characteristics? We examined the intrinsic stability in terms of the force required to dislocate the humerosocket from the glenosphere of eight commercially available reverse shoulder arthroplasty devices. The hierarchy of factors was led by compressive force followed by socket depth; glenosphere size played a much lesser role in stability of the reverse shoulder arthroplasty device. Similar results were predicted by a mathematical model, suggesting the stability was determined primarily by compressive forces generated by muscles.
Introduction
Management of patients who have an irreparable rotator cuff tear in the presence of glenohumeral arthritis and instability historically has been a challenge. Treatment options continue to evolve, and one of the newest is reverse shoulder arthroplasty (RSA) [3, 13] . The uniqueness of RSA is its conversion of the humerus into a socket (humerosocket) and the glenoid into a ball (glenosphere) with more stable congruent articulation for compensation of the dysfunctional rotator cuff. Clinical studies have provided evidence of pain relief and functional improvements after RSA [3, 5, 9, 12, 13, 28, 32, 36] .
Although improving glenohumeral stability is the ultimate aim of RSA, subluxation and dislocation of RSA devices still occur. Studies have shown various dislocation rates: 2.4%, 6.3%, 8.6%, 16 .7%, and 31% [7, 8, 10, 34, 36] . In one study, in which the dislocation rate was 7.5%, dislocation was the most common complication [35] . Joint stability, extensively studied in total shoulder arthroplasty (TSA) [2, 31] , has been associated with joint contact characteristics, such as prosthetic surface geometry and the coefficient of friction present at the interface. Preservation of the joint compressive force is also a key factor in stability. Based on this biomechanical information in TSA and clinical observations, we believe these factors also may be critical to joint stability in RSA. However, their importance in relation to the stability of the implant has not been defined. As a result, selection by the surgeon of current prosthetic designs is largely empirical, which inevitably increases the probability of undesirable outcomes in RSA.
To elucidate the concept of stability in reverse shoulder implants, we addressed two questions: (1) What is the hierarchy of importance of joint compressive force, prosthetic socket depth, and glenosphere size in relation to stability?; and (2) Is this hierarchy defined by underlying joint contact characteristics, including surface geometry and coefficient of friction, theoretically predictable?
Materials and Methods
We examined RSA stability in experimental and theoretical models. In the experimental model, the dependent variable, dislocation force F S , was examined through three independent variables: the compressive force F N , the humerosocket depth d, and the glenosphere radius R (Fig. 1) . The results were analyzed statistically by either two-sample or multisample inference. A theoretical simulation was performed using a rigid body joint contact model.
We used eight currently available RSA devices, six Encore Reverse 1 Shoulder Prostheses (Encore Medical Corp, Austin, TX) and two Delta III 1 prostheses (DePuy Orthopaedics, Warsaw, IN), in the study. The devices consisted of congruent ball and socket components with cobaltchrome glenospheres and ultrahigh-molecular-weight polyethylene (UHMWPE) sockets (Fig. 2) . We used three component sizes defined by the diameter of the glenosphere as 32 mm, 36 mm, and 40 mm. Each humerosocket had a known depth and socket radius (Fig. 2) . For a given component size, socket depth was evaluated in terms of the ratio of socket depth d to socket radius R (d/R). The RSA UHMWPE socket inserts were either of standard (STD) depth or of a semiconstrained (SC) depth, in which the SC socket is deeper than the STD socket. The typical 36 Encore SC, 36 Encore STD, 36 Delta SC, and 36 Delta STD had d/R ratios of 0.56, 0.48, 0.68, and 0.46, respectively.
Three additional congruent glenospheres and humerosockets were machined from Delrin 1 (DuPont, Wilmington, DE) for evaluation of the mathematical model. In these specimens, the glenosphere radius varied, and the d/R ratio (chosen to be in the midrange of the studied RSA devices) was held constant at 0.56.
We performed mechanical testing of RSA stability on a custom biaxial loading fixture (Fig. 3 ) that was based on TSA stability studies [2, 31] . The humerosocket was attached to a horizontal sled that could translate freely only in the x-axis, whereas the glenosphere was attached to a vertical sled that could translate freely only in the y-axis. We used weights, placed on the vertical sled, to apply compressive forces F N (up to 200 N) to each RSA device. The F N corresponded to the range of unresisted physiologic shoulder forces [20, 27, 31] . A motor translated the horizontal sled at a constant speed of 5 cm/minute [1, 2] , and a 2200-N load cell (Omega Engineering Inc, Stamford, CT) was used to measure the dislocation force F S . We performed five conditioning runs and then five recorded runs for each RSA configuration at each force level. Custom LabVIEW software (National Instruments Corp, Austin, TX) and a 12-bit data acquisition system (National Instruments Corp) were used to collect data (100 samples/ second). We used silicone spray lubricant to simulate synovial fluid [14, 23, 29, 30] .
The mathematical model of RSA stability was modified from a previous model for studying conventional TSA [2] . For dislocation to occur in a ball and socket joint ( Fig. 1) , the resultant force must be directed outside the socket surface [26] . If both ball and socket components are assumed to be rigid bodies, the dislocation force F S is determined by the ball-socket incident angle (constraint angle) and friction and is given by
where l is the coefficient of friction between the glenosphere and humerosocket, L is the chord length of the humerosocket, and h is the incident angle between the glenosphere and the humerosocket edge.
For RSA, the congruency of ball and socket components determines the chord length and is given as
1/2 ; the expression for h then can be rewritten as
In the experiment, we examined three factors and implants were grouped into three subsets accordingly: (1) The compressive force F N : We applied four compressive forces (66 N, 110 N, 155 N, and 200 N) corresponding to the range of unresisted physiologic shoulder forces [20, 27] In the model computation, we calculated analytical values of F S from Equation 1. Friction coefficients were chosen to be 0.07 for the DePuy and Encore cobalt-chrome glenospheres and UHMWPE humerosockets based on that reported in the literature [6] . For the additional Delrin We used a t test in detection of differences in each pair (32 Encore SC and 32 Encore STD, 36 Encore SC and 36 Encore STD, 40 Encore SC and 40 Encore STD, and 36 Delta SC and 36 Delta STD) to examine d/R ratio effect on RSA stability. A one-way analysis of variance was used to detect differences in dislocation force among multiple groups of prostheses for determination of ball and socket size factor and compressive force factor. When we found significant differences, Tukey's honestly significant difference test was applied for post hoc comparison [19] .
Results
Implant stability was most affected by the compressive force with differences among the four compressive force conditions (Fig. 4) . In the 36 Encore STD, the dislocation force increased 186.1% (p = 4.2 9 10 -34 ) and the difference was seen between every force level. In the 36 Encore SC, the same force increased 168.3% (p = 4.4 9 10 -25 ), with the difference seen between every level. Similarly, the dislocation force increased 165.4% in 36 Delta STD (p = 4.9 9 10 -21 ) and 150.8% in 36 Delta SC (p = 2.2 9 10 -27 ), respectively. The differences also were seen between every force level in each case. The d/R ratio had an effect on the stability of RSAs but to a lesser extent than the compressive force (Fig. 5) . The force F S required to dislocate the ball and socket components was higher in SC devices (those with a deeper socket) than in STD devices for each pair compared. We observed an increase of 23 ) from 40 Encore STD to 40 Encore SC; and 140.6% (p = 3.0 9 10 -46 ) from 36 Delta STD to 36 Delta SC. Overall, the 36 Delta SC with the highest d/R ratio of 0.68 showed the highest stability, with a dislocation force of 527.7 N. The ball and socket size had much less of an effect on RSA stability (Fig. 6 ). Only the smallest glenosphere (32) had smaller dislocation force than the other two sizes (36 and 40) in STD (p = 9.3 9 10 -14 ) and SC (p = 6.3 9 10 -13 ) (the difference ranging from 22.2 N to 29.2 N), which was approximately 10% of the dislocation force. The dislocation force had no difference between sizes 36 Encore STD and 40 Encore STD. The dislocation force also decreased from 36 Encore SC to 40 Encore SC (p = 6.3 9 10 -13 ), but the decrease was only 7 N or approximately 2% of the dislocation force.
The theoretical rigid body model accurately predicted the hierarchy of these factors associated with RSA stability (Fig. 7) . Considering all of the RSA and Delrin 4 The graph shows how successively larger forces are required to dislocate the 36 mm glenospheres from the humerosocket when larger and larger compressive forces are applied to the glenosphere. It can also be seen how increasing the depth of the humerosocket (going from a STD depth to a SC depth) increases the force required to dislocate the glenosphere. Fig. 5 The graph shows how increasing the depth of the humerosocket (going from a STD depth to a SC depth) increases the force required to dislocate the glenosphere. The 36-mm Delta SC humerosocket has 2.4 times the stability when compared with the 36-mm Delta STD humerosocket. Fig. 6 The graph shows minimum differences in dislocation forces for different implant sizes (32 mm, 36 mm, and 40 mm). Fig. 7 The graph shows a linear correlation between analytical and experimental data of stability force F S with all RSA components studied.
When simulating the compressive force from 0 N to 200 N, the dislocation force changed from 0 N to 492.5 N. The relationship was linear as defined in Equation 1 (Fig. 8A) . The d/R ratio affected the dislocation force in a less dramatic fashion. For the d/R ratio from 0.46 to 0.68, the dislocation force increased from 283.4 N to 592.6 N (Fig. 8B) . The rigid body model also predicted, for a given d/R ratio, the change of ball and socket size would not cause any alteration in the dislocation force (Fig. 8C) .
Discussion
As the use of RSA increases, efforts to maximize functional outcomes and limit complications become more important. Understanding how to prevent and manage prosthetic instability therefore is of paramount importance. Our intent was to clarify two critical concerns associated with RSA stability: the hierarchy of factors associated with the inherent stability of RSA devices and the predictability of the hierarchy by a simple theoretical rigid body model.
There are inherent assumptions and limitations associated with the study design. The glenosphere was limited to one joint motion component: translation relative to the humerosocket. This constraint was used to verify mathematical model predictions. Additional studies are needed to examine the validity of the hierarchy by including a rotational component and a full six-degree motion configuration. The second limitation was on the loading applied to the implant. A static compressive force was applied to simulate joint compression followed by a quasistatic transverse force to dislocate the ball-socket joint. We carefully selected the loading range corresponding to the range of unresisted physiologic shoulder forces [20, 27] . Such a loading condition had been used in mechanical studies for shoulder arthroplasty [24, 31] . Compared with this idealized experiment, the manner in which RSA components are loaded in vivo may differ appreciably, namely the normal and surgically repaired shoulder experience complex forces that vary in magnitude, direction, and loading rate. Currently, however, the magnitudes and the directions of resultant forces that cause dislocation of the ball-socket articulation are not well understood. Also, resistance afforded by ligaments, joint capsule, and muscles was represented as a net compressive load, and the effects of asymmetric loading were not considered. Additional work may be needed to determine the role, if any, of active and passive tissue in RSA stability, and studies using cadavers are warranted. Finally, stability is not the only factor that should be considered in selecting a RSA design and selection; several others also are critical. The effect of prosthetic design on range of motion (ROM) of the device, impingement, scapular notching, glenosphere-baseplate fixation, muscular weakness or deficiency, and ability to manage bone deficiencies also should be considered [11, 13, 22] .
Measurement of joint resistance to dislocation provides quantitative support to the general concept that RSA devices are much more stable than the normal glenohumeral joint and TSA devices. The normal glenohumeral joint has a stability force ratio (maximum allowable subluxation force/joint compression force) of approximately 0.5 [16] , whereas TSA has less than 1.0 [2, 18] . In contrast, RSA has a stability force ratio greater than 2. Additionally, stability was altered only slightly by glenosphere size in the laboratory experiment, but this was not seen in the theoretical simulation, indicating the size effect was associated with the nonrigidity of the actual system. The possible explanation was temporary distortion of the local congruency at the surface contact because of nonrigidity, leading to reduced stability as in the case of incongruent ballsocket systems [2] . This size effect could be observed more clearly in the smaller implants because of the increase in surface stress concentration.
The data suggest the most effective approach to increase RSA stability is through the joint compressive force. Clinically, the compressive force is generated largely by active and passive structures of soft tissue together with the negative pressure in the glenohumeral joint. To date, techniques described to enhance RSA stability through soft tissue tension have focused on tensioning of the deltoid. This may be accomplished by lowering the humerus relative to the glenoid [9] , lengthening the humerus by inserting a thicker polyethylene humeral component and retaining as much proximal humerus as possible, or by lateralizing the humerus [13] . In the case of lateralizing the humerus, the center of rotation (COR) of the glenospherehumerosocket joint becomes closer to that of the anatomic COR of the humerus. The normal tension range of the soft tissues, including the deltoid and the residual rotator cuff muscles, may be preserved after surgery, prohibiting longterm adverse adaptability of soft tissues attributable to either undertensioning or overtensioning. The anatomically preserved soft tissues, in turn, may provide sufficient compressive force similar to that present in the normal glenohumeral joint and in anatomic TSA [17, 21] (eg, 200 N compressive force at 50°abduction [33] ) to keep the glenosphere-humerosocket joint stable.
Another approach to improve RSA stability is with the use of a deeper socket. In this case, a potential tradeoff is a decrease in ROM. Clinically, however, this tradeoff may be diminished by placing the glenosphere more inferiorly relative to the glenoid or by increasing the glenosphere COR offset relative to the glenoid (selecting a glenosphere with a more lateral COR). Inferior placement of the glenosphere has been shown to provide glenohumeral abduction ROM of 81°compared with 68°for a glenosphere placed flush with the glenoid rim [25] , and a glenosphere with a 10-mm COR offset lateral to the glenoid surface has been shown to provide glenohumeral abduction of 97°compared with 54°for a glenosphere with a COR at the glenoid [15] .
Glenosphere-humerosocket stability is an important variable in selecting an appropriate RSA and is closely correlated to compressive force, socket depth, and, to a lesser extent, implant size. Theoretical simulation further suggests this hierarchy of mechanical factors is defined primarily by rigid body contact characteristics. Greater understanding of the key components to stability of the RSA will help the surgeon prevent and manage complications related to prosthetic instability. Additional research is needed to more fully understand the interrelationship between factors that affect stability and long-term clinical outcomes.
